al., 2009). The depositional environment of the Maniyara Fort Formation is interpreted
here using combined sedimentological and micropalaeontological data, and the mineralogical and chemical characteristics of the glauconites present in the Formation are interpreted in the backdrop of the depositional setting of the Maniyara Fort Formation.
GEOLOGICAL BACKGROUND

Stratigraphy of the study area
Palaeogene and Neogene sediments are exposed for about 3000 km (Table 1) .
The non-marine Palaeocene Matanomadh Formation at the base of the succession is completely devoid of foraminifers, while all the overlying formations contain abundant shallow marine foraminifers (Biswas, 1992) .
The Oligocene Maniyara Fort Formation unconformably overlies the Fulra
Limestone and is, in turn, unconformably overlain by the Miocene Khari Nadi Formation (Biswas, 1992; Kumar et al., 2009;  Table 1 Saraswati et al., 2000) . The upper contact of the Maniyara Fort Formation represents another unconformity marked by a distinct break in the biostratigraphic succession (Raju, 1974; Biswas, 1992; Kumar et al., 2009) . Biswas (1992) subdivided the Maniyara Fort Formation into four members, viz., Basal, Lumpy Clay, Coral Limestone and Bermoti limestone lithofacies occurring at the base, middle and top of the Formation is very rich in foraminifers, constituting up to 90% of the sediment volume. Well-preserved Nummulites ranging in diameter from a few mm to 2 cm abound and small-scale crossstratification is locally present within it. The cross-set thickness varies between 10 -15 cm ( Figure 3A , B). The facies occurs at three different stratigraphic levels. Its lowest unit overlies the regionally extensive palaeokarst surface defining the base of the Formation and is often topped by local palaeokarst surfaces ( Figure 3C ). The red shale lithofacies that alternates with the green shale facies, at its lowest level overlies the palaeokarst surfaces ( Figure 3D ). This facies is barren of foraminifers, but contains leaf impressions and rootlets and often exhibits desiccation cracks. On the other hand, foraminiferal tests are common within the green shale and its colour is imparted by the abundance of glauconite pellets ( Figure 3D ). The grey shale lithofacies, nevertheless, has the highest content of benthic foraminifers (Figure 2 ). Burrows, dominantly vertical in attitude, are common within all but the red shale facies (Figure 2 ).
The aforementioned facies characteristics strongly support the previous lagoonal interpretation of the Maniyara Fort Formation, behind a wave barrier, possibly a coral reef as suggested by previous workers (Ghose, 1982; Biswas and Deshpande, 1983; Biswas, 1992; Kumar and Saraswati, 1997) . The combined foraminiferal and lithofacies study suggests that the red shale represents a marginal part of the lagoon and the green shale represents a relatively deeper part of the lagoon corresponding to 10 -15 m of water depth. The grey shale facies, characterized by the highest abundance and diversity of benthic foraminifers possibly formed in the deepest part of the lagoon and corresponds to 20 -30 m of water depth. The cross-stratified limestone facies suggests deposition in a seaward position, possibly in proximity to an offshore barrier envisaged earlier. The overall sedimentary succession reflects a transgressive column representing a backbarrier lagoon complex.
METHODS AND MATERIALS
The samples were collected from the outcrops near Kunrajpur village (Figure 1 ). The lithology and stratigraphic positions of the samples are shown in Figure 2 . Variations in the relative proportions of foraminiferal genera were used to estimate water-depth and reconstruct the palaeobathymetric curve (Figure 2 ). To estimate water-depth for glauconites in the present study, quantitative foraminiferal data for palaeobathymetric reconstruction were obtained by sorting from approximately 30 gm of processed samples.
The glauconite-bearing shale and limestone were used for preparation of thin sections and XRD. Petrography was carried out using a Leica DM 4500P polarizing petrographic microscope attached to a Leica DFC420 camera. Glauconite was separated from quartz, calcite and other minerals using a Nikon SMZ645 stereozoom microscope for mineralogical and chemical analysis. For XRD analysis, clay suspensions made from acid treated (10% HCl) glauconite-bearing fossils and individual pellets of glauconites were mounted as slurries on glass slides (Jackson, 1979) . The air-dried, powdered samples were scanned by Rigaku Geigerflex X-ray Diffractometer from 3º to 60º 2θ at 0.5º 2θ/min scan speed using nickel filtered Copper K α radiation at the Department of Earth Sciences, IIT Bombay. The samples were subsequently scanned after treating with ethylene glycol (100º C for 1 hour) and finally scanned after heating to 490ºC for 2 hours under the same instrumental settings. The chemical composition of glauconite pellets was determined using a CAMECA SX-100 Electron Probe Micro Analyser (EPMA) at the National Geophysical Research Institute (NGRI), Hyderabad, using synthetic orthoclase (K, Al), wollastonite (Ca, Si), periclase (Mg), albite (Na) and haematite (Fe) as standards.
The operating conditions for the EPMA were 15 kV accelerating voltage with specimen current of 40 nA and beam diameter of 1µm (peak: 10-20s and background counting: 5-10s). Analysis points were selected with the help of reflected light microscopy and BSE images and the data were ZAF corrected. Trace element and rare earth element (REE) concentrations in glauconite samples were measured using a PerkinElmer Sciex ELAN DRC II ICPMS at NGRI, Hyderabad.
Cleaned glauconite pellets of each sample were suspended into bromoform diluted by appropriate proportion of ethyl alcohol. The separated pellets were split into heavy and light weight fractions (cf. Jarrar et al., 2000) . 0.3 g of each sample was digested by a mixture of 5:4:1.5 HF, HNO 3 , and HClO 4 at 120°C in a platinum crucible for 8 hours.
The acids were completely evaporated at 160°C and the residue was dissolved in 10 ml of 5 N HCl. REE were analyzed after separation using Ag50WX12 and Ag50WX8 sulphonated polystyrene cation exchanger in hydrogen form following the procedure described by Zachmann (1988) and Jarrar et al. (2000) . USGS geochemical reference standard MAG-1 and SCo-1 were used to assess the accuracy of the analyses. The glauconite pellets concentrate along certain laminae within the green shale, although remaining enclosed by a clay matrix. The pellets are, more or less, sphaerical in shape, exhibit a smooth surface texture and appear brownish green under plane-polarised light and dark green under crossed-polars. The pellets exhibit deeply penetrating radial cracks which are usually filled with iron oxides ( Figure 4A ). Glauconite pellets characteristically exhibit a densely packed aggregate texture consisting of a random arrangement of micro-platelets with pinpoint extinction ( Figure 4B ). An iron oxide coating is observed locally on glauconite pellets and that may, in places, be further 
MODE OF OCCURRENCE OF GLAUCONITE
RESULTS OF MINERALOGICAL AND GEOCHEMICAL ANALYSIS
X-ray diffraction studies
X-ray diffraction studies were carried out on glauconite pellets and infillings separately to reveal the differences in mineralogy. Air-dried samples of both varieties exhibit characteristic (001), (020) and (131) Figure 5D ). On glycolation, the 001 reflection of glauconite infilling exhibits peak separation ( Figure 5E ) and is represented by a symmetrical, solitary 10.27 Å peak that remains unchanged on heating ( Figure 5F ).
A sharp, symmetrical basal reflection is reported by Odin and Matter (1981) at 10 Å. However, they considered that the first-order basal reflection may be recorded anywhere between 10 Å to 14 Å. Negligible shifts in the peak from basal reflection upon glycol and subsequent heat treatment reflect a less pronounced inter-stratification of expandable and non-expandable layers in the glauconite phase (Thompson and Hower, 1975) . The peaks correspond to glauconites sensu stricto of McRae (1972) . The minor 15 Å montmorillonite peak indicates the presence of smectite impurities in the case of infillings ( Figure 5D -F). Kaolinite (7.1 Å) also occurs as impurities and is detected in airdried and glycolated samples ( Figure 5A , B, D, E). The kaolinite peak is substantially reduced after heating ( Figure 5C , F).
Odin and Matter (1981) considered four stages of evolution of glauconitic grains based on potassium content, ranked as nascent (<4% K 2 O), slightly evolved (4-6% K 2 O), evolved (6-8% K 2 O) and highly evolved (8-10% K 2 O). The relationship between diffractometrical parameters and glauconite maturation has been explored by many workers (Odin and Matter, 1981; Kim and Lee, 2000; Pasquini et al., 2004; Amorosi et al., 2007) . Odin and Matter (1981) established an estimate of the d (001) value, expressed as the distance between 001 and 020 reflections. This value approximates to the position of the (001) peak (Amorosi et al., 2007) . A decreasing full width at half maximum value (FWHM) of the basal (001) reflection is found to be a more powerful tool for estimation of glauconite maturity (Amorosi et al., 2007) . Figure 6 presents the relationship between the diffractometrical parameters and the K 2 O content of glauconites. The results are similar to the deep marine glauconites reported by Amorosi et al. (2007) . The d (001) value of the glauconite samples steadily decreases from 13.3 to 12.3° 2θ while the K 2 O value increases from 5.6% to 7.2% ( Figure 6 ). This is accompanied by a steady decrease of the FWHM value from 0.97° to 0.71° 2θ. Therefore, both the FWHM and d (001) values prove to be important parameters for the estimation of glauconite maturation. Both varieties of glauconites correspond to glauconitic mica of Odin and Matter (1981) . The infillings exhibit a relatively broader and less symmetrical basal reflection compared to the pellets, suggesting their less mature nature. Based on K 2 O content the infillings are considered as K-poor glauconite.
Major and minor element characteristics
EPMA data of both varieties of glauconites are presented in Table 2 . Major element compositions of the lagoonal glauconites are comparable to those reported from deep marine environments (see Amorosi et al., 2007) . The K 2 O content of the glauconite varies from 5.6 wt% to 7.2 wt% (av. 6.8 wt% for pellets, av. 6.1 wt% for infillings).
Except for two glauconite infillings, the K 2 O content of the glauconites correspond to the evolved type (Odin and Matter, 1981; Amorosi, 1997 (Odin and Matter, 1981; Jarrar et al., 2000; Amorosi et al., 2007) . CaO content of the glauconites are lower (ranging from 0.3 wt% to 0.6 wt%, av. 0.5 wt%) than those reported by Amorosi et al. (2007) . MgO and CaO values are slightly lower in glauconite pellets compared to the glauconite infillings (Table 2) .
Variation in major element composition is reflected in the atomic structure of the glauconites. The average structural formula for the glauconite pellets is: (Odin and Matter, 1981; Ireland et al., 1983; Velde, 1985; Dasgupta et al., 1990; Lee et al., 2002; Amorosi et al., 2007; Banerjee et al., 2008) 
Trace elements and REE chemistry (glauconite pellets)
Trace element and REE analyses were carried out on glauconite pellets. Glauconite infillings were avoided because of the difficulty in maintaining the chemical purity of the samples. Three samples from the upper green shale unit (see Figure 2) were analyzed for this purpose. These three samples are referred to as lower, middle and upper respectively in the following discussion (Table 3) The concentration of Ce offers a potential tool for deducing palaeoredox conditions. The Ce anomaly was calculated from the formulae: Ce anom = Log [3Ce n /(2La n +Nd n )] (Wright et al., 1987) . Ce anomaly values of the samples suggest a slightly anoxic condition in the depositional substrate (Elderfield and Pagett, 1986; Wright et al., 1987) .
The oxic-anoxic line in Figure 9 is drawn at -0.1 Ce anomaly value (cf. Wright et al., 1987) . Nd concentrations of the samples suggest slow to moderate sedimentation accumulation rates (cf. Elderfield et al., 1981) , although the presence of highly evolved authigenic glauconite generally implies a slow rate of sedimentation (Odin and Matter, 1981) .
The chondrite-normalized REE patterns for the Maniyara Fort Formation samples are characterized by weak to moderate LREE/HREE fractionation (9.6 to 16.2) and a weak negative Eu anomaly (Eu/Eu* ~0.32-0.41) ( Table 3 ). The weak Eu anomaly is probably inherited from a substrate where concentration of Eu was originally low with respect to other REEs and may not be related to glauconite genesis (Bau and Möller, 1992) . The REE abundances are normalized to the North American Shale Composite (NASC; Gromet et al., 1984) and the plot exhibits a hat-shaped (convex upward) pattern (La to Yb); a moderate depletion of HREE, less pronounced depletion of LREE and a concentration peak around Sc (Figure 10 ). The hat-shaped REE pattern has been reported from other authigenic minerals of marine origin (Hoyle et al., 1984; Grandjean-Lécuyer et al., 1993; Sturesson, 1995) .
DISCUSSION
Although Modern glauconites are reported exclusively from sea floor deeper than 50 m (Porrenga, 1967; Odin and Matter, 1981; Amorosi, 2003) , their ancient counterpart had apparently originated under wide ranging depositional conditions, such as, hypersaline lagoon (El Albani et al., 2005) , shallow shelf and tidal flat (Dasgupta et al., 1990; Huggett and Gale, 1997; Chafetz and Reid, 2000) , lake and palaeosols (Huggett and Cuadros, 2010) . The present finding of authigenic glauconites from the lagoonal Maniyara Fort Formation lend support to the notion that the mineral does form beyond the restriction of mid-shelf and deeper marine environment (see detailed discussion in Chafetz and Reid, 2000) . Our study also suggests that glauconite formation was most favoured around 20 m depth in the lagoon and was least favoured at the marginal part of the same lagoon.
The origin of glauconites is explained by two popular hypotheses; 'layer lattice theory' proposed by Burst (1958a, b) and Hower (1961) , and 'verdissement of grains'
proposed by Odin and Matter (1981) The formation of glauconite is governed by the availability of iron and potassium.
Iron in Maniyara Fort glauconites is obviously derived from the substrate, as seawater is depleted in iron. We envisage that the decomposition of organic matter associated with faecal pellets and foraminiferal chambers, formed sub-oxic micro-environments conducive for dissolution of iron. The presence of abundant pyrite in green shale and the negative cerium anomaly of glauconite pellets further corroborate this contention.
Seawater had an appreciable amount of potassium and it was easily made available to the authigenically formed glauconite. As the glauconite matured, iron and potassium were added to the glauconite structure, at the expense of Al, Ca and Mg. The nature of the substrate thus primarily controlled the maturation process of glauconites and the products were contrasting at the same stratigraphic level. Substrate size as well as its composition favoured pellets to mature at a faster rate than the infillings. Odin and Matter (1981) emphasize the importance of low sediment accumulation rates, so that the substrate Lee et al., 2002) .
CONCLUSIONS
The present paper firmly establishes the lagoonal origin of the fossiliferous limestone and Gromet et al. (1984) . The range of chemical composition of glauconite is compiled from the literature (Kohler and Köster, 1976; Fleet et al., 1980; Odin and Matter, 1981; Valeton et al., 1982; Ireland et al., 1983; Odin and Fullagar, 1988; Nishimura, 1994; Stille and Clauer, 1994; Jarrar et al., 2000) . Gromet et al., 1984) .
